Cells induced to apoptosis extrude glutathione in the reduced form concomitantly with (U937 cells) or before (HepG2 cells) the development of apoptosis, much earlier than plasma membrane leakage. Two specific inhibitors of carriermediated GSH extrusion, methionine or cystathionine, are able to decrease apoptotic GSH efflux across the intact plasma membrane, demonstrating that in these cell systems GSH extrusion occurs via a specific mechanism. While decreasing GSH efflux, cystathionine or methionine also decrease the extent of apoptosis. They fail to exert anti-apoptotic activity in cells previously deprived of GSH, indicating that the target of the protection is indeed GSH efflux. The cells rescued by methionine or cystathionine remained viable after removal of the apoptogenic inducers and were even able to replicate. This shows that a real rescue to perfect viability and not just a delay of apoptosis is achieved by forcing GSH to stay within the cells during apoptogenic treatment. All this evidence indicates that extrusion of reduced glutathione precedes and is responsible for the irreversible morphofunctional changes of apoptosis, probably by altering the intracellular redox state without intervention of reactive oxygen species, thus giving a rationale for the development of redox-dependent apoptosis under anaerobic conditions.-Ghibelli, L., Fanelli, C., Rotilio, G., Lafavia, E., Coppola, S., Colussi, C., Civitareale, P., Ciriolo, M. R. Rescue of cells from apoptosis by inhibition of active GSH extrusion. FASEB J. 12, 479-486 (1998) 
APOPTOSIS IS a physiological mode of cell death occurring in processes such as development and differentiation, in tumor cell deletion, and in response to mild damaging stimuli (1) (2) (3) (4) . This mode of cell death allows the cell to control its own demise. Apoptotic cells have well-defined characteristics: specific DNA digestion, chromatin condensation, and morphological changes such as the actin-dependent phenomena of cytoplasmic blebbing (5) nuclear vesiculation (6) . Development of the characteristic apoptotic features depends on the specific proteolytic events that have been found to be involved in the process of apoptosis induced by different stimuli (7) . The mechanisms that trigger these events are still far from being clarified: a goal of the current research on apoptosis is to find a point of convergence of the many different apoptogenic stimuli into a main signaling pathway. Many studies indicate that an oxidative mechanism may account for such a central role. Indeed, treatments capable of inducing an oxidative stress are apoptogenic agents. For example, exposure to low doses of H 2 O 2 induces apoptosis in a variety of cell types (8, 9) ; apoptogenic agents such as tumor necrosis factor (10), cycloheximide (11) , and natural killer cells (12) are known to elicit oxidative stress. Moreover, the product of the oncogene bcl-2, a protein that is able to block the onset of apoptosis upon many stimuli (13) , has been shown to act through a radical-scavenging mechanism (14) . This evidence all led to the hypothesis of oxidative stress as a universal trigger for apoptosis, even when the inducing stimuli are apparently unrelated to redox modulation. However, the role of oxidative stress in apoptosis has recently been questioned by reports indicating that apoptosis may occur in anaerobic conditions; i.e., in the absence of reactive oxygen species, which are the most common mediators of oxidative stress (15) . Under these conditions, bcl-2 is still able to protect against apoptosis (16) .
Glutathione is the most abundant antioxidant in the cell, where it is found predominantly in two redox forms: reduced (GSH) 2 and oxidized (GSSG). Its protective action is based on oxidation of the thiol group of its cysteine residue with the formation of GSSG, which in turn is catalytically reduced back to the thiol form (GSH) by glutathione reductase (17) . Upon oxidative stress, GSSG may either recycle to GSH or exit from the cells, leading to overall glutathione depletion (18) . Some cells, mostly hepatocytes, are also able to extrude reduced glutathione through specific carriers, thus maintaining a constant level of GSH in the bloodstream (19) . GSH has been shown to prevent apoptosis and maintain viability in cells lacking bcl-2 (20) ; its concentration decreases upon induction of cells to apoptosis (21) , adding support to a causative role of oxidative stress in apoptosis.
We have shown that apoptosis is associated with glutathione depletion in U937 monocytic cells induced to apoptosis by agents that do not imply a direct oxidative stress; glutathione is extruded by the apoptosing cells in the reduced form, before any plasma membrane leakage, indicating that glutathione loss in apoptosis is not a consequence of oxidative stress. We postulated that GSH diminution might be the cause of oxidative stress by altering the reducing power of cells (22) .
In this study, we show that apoptotic GSH extrusion occurs through specific carriers and is required for commitment to apoptosis, since we were able to inhibit apoptosis by inhibiting the efflux of GSH in two different cell lines. A rescue to perfect viability was achieved by interfering with GSH efflux from cells during apoptogenic treatment, indicating that in the sequence of events leading to apoptosis, GSH is extruded at a very early step, before any irreversible involution of cellular structure.
EXPERIMENTAL PROCEDURES

Cell culture
U937 and HepG2 cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 IU/ml penicillin, and streptomycin and kept in a controlled-atmosphere (5% CO 2 ) incubator at 37ЊC; U937 were split twice a week to maintain them in log phase; HepG2 cells were routinely trypsinized, plated at 7.5 1 10 5 /25 cm 2 flasks, and used for experiments 3 days after trypsinization. Cell viability for both cell lines was assessed by trypan blue exclusion. All the experiments with U937 cells were performed at a cell density of 7 1 10 5 cells/ml in complete medium; HepG2 cells were at 2 1 10 6 /25 cm 2 flasks.
Analysis of apoptosis
Apoptosis in U937 was characterized by DNA fragmentation to give a ladder-like pattern; nuclear fragmentation in several smaller fragments, ranging in number from 2 to more than 20 per cell, was detectable by optical microscopy either on slides of hematoxylin-stained cells or by vital staining with the DNA-specific cell permeable dye Hoechst 33342; cell blebbing was detectable by phase contrast microscopy as the modification of cell shape from nearly round to blackberry-like. HepG2 apoptotic cells were detected with the fluorescence microscope directly on the flasks by analysis of nuclear fragmentation (staining with the DNA-specific cell permeable dye Hoechst 33342) and phosphatidylserine exposure (staining with fluorescinated annexin V).
Preparation and staining of slides
U937 cells (2110 5 ) fixed in 4% paraformaldehyde were loaded onto a gelatinized slide, stained with hematoxylin, and analyzed for direct optical microscopy.
Quantification of apoptosis
The fraction of U937 or HepG2 cells with fragmented nuclei among the total cell population is calculated in the Hoechst 33342 stained cells, counting at least 300 cells in at least 10 random-selected fields as described in ref 9.
Apoptogenic treatments
Treatments with 10 mg/ml puromycin (PMC) and 100 mg/ml etoposide (VP16) were performed in medium supplemented with 10% FCS, for 4 h (U937 cells) or 6-12 h (HepG2), at 37ЊC; the absence of FCS did not alter the extent or kinetics of puromycin-induced apoptosis.
Recovery
After apoptogenic treatment in the presence or absence of cystathionine or methionine, puromycin was washed out and U937 cells were seeded at the same density (10 6 /ml), with the addition of cystathionine where indicated; at the times indicated, apoptosis was quantitated. For long-term survival, 10 5 cells/ml were seeded in fresh medium and the viable cells were counted.
Glutathione determination
U937 cells were harvested by centrifugation at 2000 rpm in a refrigerated tabletop centrifuge; HepG2 cells were scraped off before centrifugation. Both samples were then washed with phosphate-buffered saline and resuspended in the same buffer. Cells were then lysated by repeated cycles of freezing and thawing. Proteins were precipitated by adding sodium metaphosphoric acid to a final concentration of 5% (w/v). The clear supernatant obtained after centrifugation at 22,000 g for 15 min was used to measure GSH and GSSG by high-performance liquid chromatography according to Reed et al. (23) . In each case, results are expressed as nmol of GSH/mg of protein in the original cell extract. Proteins were determined by processing aliquotes of cell lysates according to the method of Lowry et al. (24) . GSH and GSSG measurements of the cell culture medium were determined in serum-free medium as described above after acidification and concentration of the media. No change in the GSH equivalent values were observed in media treated with 5 mM dithiotreitol. Results were expressed as nanomoles of GSH/ml.
Inhibition of GSH efflux
Cells were treated with 1 mM cystathionine or 1 mM methionine; the compounds were added 1 h before the apoptogenic treatment and kept throughout the experiment.
GSH depletion
Glutathione was depleted by 1 h treatment with 2 mM diethylmaleate (DEM), leading to a 90% reduction of intracellular GSH content; DEM was then removed, and GSH synthesis during the apoptogenic treatment was inhibited by 1 mM buthionine sulfoximine (BSO). a HepG2 cells were treated with PMC for the times indicated. After incubation, the monolayers were washed with PBS and assayed for GSH content and apoptosis as described in Experimental Procedures.
Protection from apoptosis
Control cells or cells deprived of GSH by the above-described protocol were treated with either of the following compounds: 10 mg/ml cycloheximide, 1 mM m-iodobenzylguanidine, 5 mg/ml cytochalasin B, 10 mM deoxyglucose, 1 mM cystathionine, or 1 mM methionine. The compounds were added 1 h before the apoptogenic treatment and kept throughout the experiment.
Statistical analysis
Statistical analyses were performed using Student's t test for unpaired data, and P values õ 0.05 were considered significant. Data are presented as mean {SD.
RESULTS
GSH content and apoptosis of HepG2 cells treated with puromycin
The human hepatoma cells HepG2 undergo apoptosis upon treatment with PMC. Cells begin to acquire apoptotic features such as nuclear fragmentation while still attached; detachment follows, and apoptotic cells float in the culture medium for long periods of time before undergoing secondary necrosis ( Table 1) . This allowed us to evaluate separately the intracellular GSH concentration of detached (apoptotic) and attached (healthy / apoptotic) cell populations.
It turned out that detached cells had no detectable GSH or GSSG. Attached cells undergo GSH depletion faster than they acquire apoptotic morphology: in fact, at 6 h, 16% of GSH was lost, but no apoptotic cells were observed; at 12 h, GSH loss was about 85%, but only 48% of cells were apoptotic (Table 1) . These results indicate that glutathione decrease precedes apoptosis in HepG2 cells. Glutathione is lost in the reduced form, which is accumulated in the extracellular culture fluids, whereas no extracellular GSSG was detected nor did the intracellular GSSG/GSH ratio significantly increase in cultures induced to apoptosis ( Table 1) .
Effect of cystathionine and methionine on GSH efflux in U937 and HepG2 cells
To understand the mechanism responsible for apoptotic GSH extrusion, we analyzed whether two compounds, cystathionine and methionine, which are known to inhibit specific (synusoidal type) carriers responsible for reduced glutathione efflux from hepathocytes and other cell types (19, 25, 26) , are able to inhibit the efflux of reduced glutathione from healthy U937 or HepG2. As indicated in Table 2 , both compounds decrease GSH efflux rate, indicating that, not only in hepatoma cells (as established in ref 26) , but also in a system of monocytic origin such as the U937 cell line, reduced glutathione is normally shed with a synusoidal-type carrier-mediated mechanism.
We next analyzed whether the specific GSH carriers were also involved in apoptotic GSH extrusion. Thus, U937 and HepG2 cells were treated with 1 mM cystathionine or 1 mM methionine 1 h before and during the apoptogenic treatment. Table 3 shows that inhibitors of GSH carriers do reduce apoptotic GSH efflux induced by puromycin in U937, measured both as the residual intracellular GSH and as accumulation of GSH in the extracellular medium, indicating that it results from a specific extrusion. Similar results were obtained from U937 induced to apoptosis by etoposide and from HepG2 cells treated with PMC (data not shown).
Effect of cystathionine and methionine on apoptosis
To assign a role for GSH efflux in apoptosis, we analyzed the effects that inhibition of GSH efflux may exert on apoptosis. Figure 1A shows the time course of apoptosis induced by puromycin on U937 cells in the presence or absence of cystathionine or methionine. The two compounds have a protective effect throughout the treatment; the fraction of apoptotic cells was repeatedly reduced at all time points in the more than 10 experiments performed, showing that the protective effect is highly significant. The same results were obtained with HepG2 cells, where cystathionine or methionine decreased PMC-induced apoptosis, measured at 12 h of treatment, from 70 { 9% to 44 { 5% and 43 { 8%, respectively (Fig. 1B) . The two compounds also exerted protection ranging between 20 and 36% on etoposide-induced apoptosis (data not shown).
In Fig. 1B , the effects of cystathionine or methionine on apoptotic GSH efflux and on the extent of apoptosis are compared for U937 and HepG2 cells. For U937, the value of residual GSH concentration in the total cell population matches the value of the residual fraction of viable cells, suggesting that treated, healthy cells have a GSH content identical to that of untreated cells. In HepG2 cells, the value of residual GSH concentration is lower than the value of the residual fraction of viable cells, which indicates a lag between GSH extrusion and the onset of apoptosis. This difference is also observed in time course experiments, which show that in U937, GSH loss is concomitant with apoptosis (22) , but in HepG2, GSH loss precedes the loss of healthy morphology (Table 1) .
These results suggest a causative role for GSH efflux in apoptosis, but also raise the possibility that cystathionine and methionine might inhibit the apoptotic process by interfering with an unknown, non-GSH cellular target. In this case, the diminished GSH extrusion could just be a consequence of a lower level of apoptosis.
Analysis of the mechanisms of cystathionine or methionine protection from apoptosis
To investigate the existence of a possible, non-GSH intracellular target of cystathionine or methionine, we analyzed whether the two compounds are still able to offer protection from apoptosis to cells previously deprived of GSH.
Thus, U937 or HepG2 cells were treated with the alkylating agent DEM at the concentration of 2 mM, which under our conditions depleted GSH by 90% / 3824 0004 Mp 483 Tuesday Feb 10 11:41 AM LP-FASEB 0004 Figure 2 . Analysis of the mechanisms of cystathionine or methionine protection from apoptosis. A) Effect of cystathionine or methionine on apoptosis induced on U937 deprived of GSH. Time course of PMC-induced apoptosis in GSH-deprived U937; cells were treated with 2 mM DEM for 1 h before apoptogenic treatment. DEM was then removed and 1 mM BSO was added to avoid GSH neosynthesis during the apoptogenic treatment (nÅ5). B) Effect of cystathionine or methionine on apoptosis induced on normal and GSH-deprived HepG2. GSH was depleted as described for U937. Apoptosis was determined at 12 h of treatment. C) Effect of other rescuing compounds on apoptosis induced in U937 deprived of GSH: effect of GSH depletion (see above) on PMC-induced apoptosis in the presence of compounds (citochalasin B, CCB; deoxyglucose, DOG; m-iodobenzylguanidine, mIBG; cycloheximide, CHX), which are known to reduce apoptosis by different mechanisms (see text). Apoptosis was quantified as described at 4 h treatment with PMC. D) Effect of cystathionine or methionine on apoptosis upon inhibition of GSH synthesis. 1 mM cystathionine (cyst) or methionine (meth) was added to U937, as described; where appropriate, 1 mM BSO was added just before apoptogenic treatment with PMC and maintained throughout the experiment (one experiment is reported of 2 performed with similar result). Apoptosis was evaluated at 3 h of PMC treatment. in 1 h; DEM was then washed out and 1 mM BSO was added to avoid GSH resynthesis. This treatment by itself was nonapoptogenic on U937 and only slightly apoptogenic on HepG2 cells, and did not affect the kinetics of apoptosis induced by puromycin. On these GSH-depleted U937 (Fig. 2A) or HepG2 cells (Fig.  2B) , cystathionine or methionine no longer protected from apoptosis, suggesting their effect on apoptosis is indeed mediated by GSH.
However, this result may indicate that, alternatively, cells were deeply affected by the GSH deprivation protocol and consequently it may no longer be possible to protect them from apoptosis. Thus, we probed four agents that are able to reduce the extent of apoptosis by four different mechanisms: cycloheximide, which has been shown to reduce puromycininduced apoptosis on U937 (26); deoxyglucose, which protects from apoptosis by interfering with the glycolytic flux (27); meta-iodobenzylguanidine, which has been shown to protect from apoptosis by inhibiting protein mono-ADP-ribosylation (28); and cytochalasin B, which protects from apoptosis by interfering with cell blebbing (27) . As shown in Fig. 2C , all protecting agents were able to reduce puromycininduced apoptosis on U937 deprived of GSH by the above-mentioned protocol to the same extent they protect cells with normal GSH content. Thus, the inability to protect from apoptosis cells previously deprived of GSH is restricted only to the two agents that interfere with GSH efflux. These experiments clearly demostrate that GSH is the target of cystathionine or methionine protective effects.
It is reported that cystathionine or methionine, in addition to reducing GSH efflux, can increase the rate of GSH synthesis (19, 29) . To verify whether the protective anti-apoptotic action of the two compounds was due to this process, we inhibited GSH synthesis with BSO. This treatment, which leads to GSH depletion in the long run (24 h), does not significantly decrease GSH concentration during the first hours. Since we wanted to evaluate the parameter of GSH synthesis rate and not its concentration, apoptosis was induced immediately after BSO addition, before it could lower the cellular GSH con- Fate of U937 cells rescued from apoptosis by cystathionine or methionine. A) Time course of apoptosis upon PMC { cyst treatment, followed by recovery after removal of PMC (arrow); cyst was removed during recovery in PMC / cyst, but not in PMC / cyst (/cyst rec); one of two similar experiments is shown. B) Cell growth after apoptogenic treatment with PMC { cyst or met. 10 5 cells were seeded in fresh medium after the apoptogenic treatment. The number of viable cells was measured at the time points indicated. One of four independent experiments is shown. centration. As Fig. 2D shows, cystathionine or methionine were still able to reduce apoptosis when GSH neosynthesis was inhibited by BSO, implying that the mechanism of their protective action was not an increase in the rate of GSH synthesis.
Together, these results indicate that the protective effect of cystathionine or methionine is mediated by inhibition of GSH extrusion.
GSH extrusion occurs before commitment to cell death
The reduction of apoptosis exerted by interfering with GSH efflux might be due to a real rescue of the cells hit by the apoptogenic agent or to a block of the apoptotic process; in the latter, cells might be frozen in a state of pseudo-viability and then proceed into apoptosis when the protecting agent is removed. We followed the fate of cells that had been protected from PMC-induced apoptosis by cystathionine or methionine by testing whether they still need the presence of the 'rescuing' compounds in order to remain viable after puromycin has been removed at 4 h of treatment (recovery). We found that after puromycin removal, the cells protected by cystathionine remained viable independent of the presence of the rescuing agent (Fig. 3A) , showing that the protection is no longer needed for maintaining viability. The cells that had been kept viable by cystathionine or methionine continued to remain viable for the ensuing days and were even able to replicate, as indicated in Fig. 3B by the increase in cell number measured at various times after puromycin was washed out in recovery experiments.
Thus, the forced maintainance of GSH inside the cells is itself sufficient to abort the apoptotic program, showing that GSH extrusion occurs before the irreversible commitment to cell death (Fig. 4) .
DISCUSSION
We showed that U937 and HepG2 are protected from apoptosis as a consequence of the inhibition of GSH efflux through specific carriers. The fraction of cells protected from apoptosis by cystathionine or methionine is consistent with the extent of inhibition of GSH depletion at all time points of the many experiments performed with each inducer or cell type. It was not possible to increase the extent of protection, because doses higher than 1 mM were toxic in the systems used. The experiments on HepG2 cells allowed us to establish that glutathione extrusion precedes the morphological changes of apoptosis, because the value of residual GSH concentration is always lower than the value of the residual fraction of viable cells (Table 1) . These results also indicate a lag between GSH extrusion and the onset of apoptosis in HepG2 cells that is not present (or too short to be detected) in U937, where GSH loss and apoptosis appear to be concomitant (22) (however, the recovery experiments allowed us to indirectly determine that GSH extrusion also precedes apoptosis in U937; see below).
The finding that U937 are able to shed GSH may be reminiscent of their monocyte/macrophage origin: it is known that, among the mechanisms of alerting the immune system, macrophages shed cysteine and GSH (31) . Cells from the hepatoma line HepG2, which also possess cystathionine/methionine-sensitive GSH carriers, are rescued from puromycin-induced apoptosis by the two compounds. It will be of interest to analyze whether other cell types that are not able to actively shed GSH for a physiological purpose may be rescued from apoptosis by cystathionine or methionine or, instead, whether different types of inhibitors of GSH efflux must be used. As a matter of fact, it has recently been reported that in lymphoid Jurkat cells, GSH is extruded during apoptosis (32); its efflux is unaffected by cystathionine or methionine, but it is sensitive to the canalicular GSH efflux inhibitors bromosulfophtaleins. At variance with our results, the authors also report that the inhibition of GSH efflux does not affect apoptosis. This discrepancy might derive from the different time points considered in the two experimental procedures.
The process of apoptosis may be divided into two distinct phases, induction and execution, whose boundaries signal the irreversible commitment to cell death. We designed an experimental approach that allows one to position an event occurring in apoptosis: if the event under study occurs after commitment, drugs interfering with this event will either delay apoptosis or induce cell death with abnormal characteristics (33) . Alternatively, if the event is in the induction phase, its inhibition leads to an abortion of apoptotic signaling, allowing a real rescue of cells. To perform such an analysis, the accumulation of new apoptotic cells must stop upon removal of the apoptogenic agent. Puromycin and etoposide were tested for suitability for this type of analysis by comparing the rate of accumulation of apoptotic cells observed either in the continuous presence of the inducer or after its removal at various times of treatment. We observed that etoposide is not suitable, since after its removal apoptosis continues; instead, apoptosis stops very soon after puromycin removal at any time point (not shown), indicating that it is a good agent to establish whether GSH efflux occurs in induction or execution. Our results show that forced maintainance of GSH inside the cells leads to abortion of the apoptotic signaling, indicating that GSH extrusion occurs before the irreversible commitment to cell death, which is in the induction phase of apoptosis (as a corollary, this implies that GSH loss precedes apoptosis in U937, even though this was not evident from the plain kinetic analysis).
It appears that cells stimulated to undergo apoptosis get rid of their GSH in order to allow apoptosis to take place. GSH loss may be necessary but not sufficient for triggering apoptosis, since chemical glutathione deprivation by BSO and DEM does not induce apoptosis on U937 or HepG2 cells (this study and ref 22) . This discrepancy might be alternatively explained by the different modality (i.e., alkilation with DEM or efflux with apoptosis) or rate of GSH depletion (i.e., minutes in apoptosis vs. Ç24 h for BSO): cells might slowly 'adapt' to a situation of glutathione deprivation by setting up other ways of maintaining a correct redox equilibrium.
Cells deprived of GSH are more prone to undergo oxidative stress because their redox equilibrium is altered and their ability to scavenge or detoxify the various reactive oxygen intermediates that form in the normal cell metabolism is impaired. Active extrusion of GSH could favor the onset of apoptosis by passively allowing oxidative stress to take place. The oxidative enviroment created by GSH loss is independent of the production of reactive oxygen species: this may provide a rationale for apoptosis occurring under low O 2 tension but still requiring a redox modulation. Indeed, it may produce changes in enzymatic activities such as protease activation that are crucial for the triggering of apoptosis. It is known that proteases can be activated through oxidation of a cystein residue (34) , and GSH depletion in inflamed pancreatic tissue has been hypothesized to prematurely activate digestive enzymes within pancreatic cells (35) . Alternatively, an incorrect redox equilibrium may lead to miscontrol of thiol-dependent ion channels, i.e., the permeability transition pore, a multi-ion mitochondrial thiol-sensitive channel that seems to be responsible for the loss of mitochondrial membrane potential occurring in apoptosis (36) , an event that has recently been connected to the apoptotic loss of glutathione (37) .
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